We analyzed a eukaryotically encoded rubredoxin from the cryptomonad Guillardia theta and identified additional domains at the N-and C-termini in comparison to known prokaryotic paralogous molecules. The cryptophytic N-terminal extension was shown to be a transit peptide for intracellular targeting of the protein to the plastid, whereas a C-terminal domain represents a membrane anchor. Rubredoxin was identified in all tested phototrophic eukaryotes. Presumably facilitated by its C-terminal extension, nucleomorph-encoded rubredoxin (nmRub) is associated with the thylakoid membrane. Association with photosystem II (PSII) was demonstrated by co-localization of nmRub and PSII membrane particles and PSII core complexes and confirmed by comparative electron paramagnetic resonance measurements. The midpoint potential of nmRub was determined as ؉125 mV, which is the highest redox potential of all known rubredoxins. Therefore, nmRub provides a striking example of the ability of the protein environment to tune the redox potentials of metal sites, allowing for evolutionary adaption in specific electron transport systems, as for example that coupled to the PSII pathway.
1
Phylogenetic studies have demonstrated that the nucleomorph represents the vestigial nucleus of a former free living red algae, which was engulfed and reduced to a secondary endocytobiont. 1 In the course of an international effort to sequence the nucleomorph genome of the cryptomonad Guillardia theta (7), a nucleomorph-located and therefore eukaryotically encoded rubredoxin gene was identified (8, 9) . Here, we present data concerning the characterization of the encoded protein by means of immunological and biochemical methods and show the intracellular localization of rubredoxin as well as its redox properties. We present evidence that G. theta rubredoxin shows similar EPR 2 spectra to those of the bacterial paralogous proteins, indicating a redox active iron atom. Measurements of its redox potential gave a value of ϩ125 mV, which is the highest potential of all rubredoxins investigated so far. Furthermore we demonstrate that rubredoxin is plastid-located and anchored into the thylakoid membranes. Additionally, we present evidence that rubredoxin is associated with photosystem II (PSII) by colocalization of rubredoxin in BBYs and OG and DM cores.
MATERIALS AND METHODS
Recombinant Protein and Antibodies-Overexpression and purification of a 70-amino acid recombinant rubredoxin was done as described previously (8) . To raise a polyclonal antiserum against recombinant rubredoxin, 1 mg of the purified protein was used to immunize a rabbit.
Preparation of Crude Extracts, SDS-PAGE, Blotting, and Immunodetection-Protein extracts were prepared by boiling the samples in extraction buffer containing 3% (w/v) SDS, 0.2% (w/v) Triton X-100, and 125 mM Tris-HCl (pH 6.8). Denatured proteins were separated by SDS-PAGE (10) . Subsequently, proteins were transferred to nitrocellulose membranes (Schleicher & Schuell, 0.2 m) by semidry blotting. The primary antibody was detected by a secondary anti-rabbit antibody conjugated with horseradish peroxidase. Immunodetection was undertaken with the ECL system according to the manufacturer's protocol (Amersham Pharmacia Biotech).
Preparation of Plastids, Thylakoids, and Photosystem II ComplexesPlastids from Pisum sativum were purified by means of density gradient centrifugation according to Wastl and Maier (11) . Intact thylakoid membranes from P. sativum were isolated by purification of chloroplasts (12) and subsequent "smooth" disruption of the chloroplasts (0.1% Triton X-100) for 5 min on ice.
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PSII-enriched membrane fragments were prepared as described previously (13) . The protocol for the preparation of n-octyl-␤-D-glycosidesolubilized PSII core particles ("OG cores") and PSII core dimers described by Hankamer et al. (14) was modified in that the osmoprotective agent glycine betaine (GlyB) was used throughout the preparation. The modified procedures for OG cores are described in Dörner et al. (15) . For PSII core dimers 1 M GlyB was present in the resuspension and solubilization buffer (1 M GlyB, 25 mM MES, 10 mM NaCl, 5 mM CaCl 2 , pH 6.0), whereas the sucrose gradient solution contained 2 M GlyB (2 M GlyB, 25 mM MES, 10 mM NaCl, 5 mM CaCl 2 , 0.03% (w/v) n-dodecyl-␤-D-maltoside, pH 6.0, and 0 -10% sucrose) (16) . PSII dimer samples were concentrated by means of a Microsep membrane concentrator (100-kDa cutoff, Pall Filtron).
Immunogold Microscopy-Cells from G. theta and Synechocystis sp. PCC6803 as well as thylakoid preparations were embedded in Lowicryl K4M (Chemische Werke Lowi) according to the instructions of the manufacturer. After ultrathin cutting, the sections were incubated with a polyclonal rabbit antiserum raised against recombinant G. theta rubredoxin. Gold-labeled goat anti-rabbit IgG was used for detection of the primary antibodies as described in Fraunholz et al. (17) .
Import Experiments-Transport-competent plastids were isolated by means of differential density gradient centrifugation, as described previously (11) . In vitro transcription and translation of the constructs were performed using the coupled reticulocyte transcription/translation system (TNT system, Promega). Translation of the template was performed in the presence of [
35 S]methionine (1000 Ci/mmol, Amersham Pharmacia Biotech) according to the manufacturer's protocol.
Posttranslational import of labeled precursor proteins into P. sativum plastids took place in 100-l assays containing plastids (equivalent to 15 g of chlorophyll) in import buffer containing 2 mM ATP, 20 mM potassium gluconate, 10 mM methionine, 10 mM NaHCO 3 , and 2% bovine serum albumin.
After addition of labeled in vitro translation product, the import mixture was incubated 30 min at 25°C with pea plastids. The reaction was terminated by centrifugation of the chloroplasts for 1 min at 1000 ϫ g. After washing in import buffer, chloroplasts were resuspended in 100 l of import buffer and subjected to thermolysin treatment (0.1% (w/v) thermolysin, Roche Molecular Biochemicals) with a 1 mM CaCl 2 final concentration for 10 min on ice to digest external protein of the import mixture. The digestion was stopped by adding EDTA to a final concentration of 5 mM; this was followed by centrifugation through a 40% percoll cushion (4500 ϫ g, 5 min) to recover intact plastids. After washing and centrifuging the plastids, harvested chloroplasts were resuspended immediately in sample buffer for analysis by SDS-PAGE and subsequent autoradiography.
EPR Spectroscopy-EPR spectra at X-band (9 GHz) were obtained with a Bruker EMX-6/1 EPR spectrometer composed of the EMX 1/3 console, ER 041 X6 bridge with built-in ER-0410 -1161 microwave frequency counter, ER-070 magnet, and ER-4/02 st standard universal TE102 rectangular cavity. All spectra were recorded with a field modulation frequency of 100 kHz. Cooling of the sample was performed with an Oxford Instruments ESR 900 cryostat with a ITC4 temperature controller.
Electrochemistry-Cyclic voltammetry was performed at a nitric acid-modified glassy carbon electrode using the setup described by Hagen (18) . To remove O 2 , the assembled cell was flushed with argon. A 12-l sample of approximately 100 M protein in 50 mM potassium phosphate buffer, pH 7, was inserted through a septum and placed so that it formed a drop between the working, reference, and counter electrodes. Cyclic voltammograms of rubredoxin were recorded at scan rates of 10 -100 mV/s using a computer-controlled Autolab PGSTAT-10 potentiostat. Midpoint potentials were determined from the anodic and cathodic peak potentials.
RESULTS
As recently published, we have isolated a gene encoding rubredoxin from the cryptomonad G. theta. It is localized on chromosome II of the remnant nucleus of the secondary endosymbiont, the nucleomorph (8, 9) . In the conserved positions rubredoxin (nmRub) has high identity to prokaryotic paralogous molecules ( Fig. 1 ), which were identified in several anaerobic and aerobic eubacteria (8) . The cyanobacterium Synechocystis harbors a rubredoxin gene that encodes a hypothetical protein with an additional C-terminal extension (Fig. 1 ). This extension was predicted to be a membrane anchor. A similar C-terminal membrane anchor was also identified in the cryptomonad rubredoxin protein as well as in an Arabidopsis expressed sequence tag clone (Swiss-Prot accession number AAD25628). Unique to the eukaryotically encoded rubredoxins in G. theta and Arabidopsis is an N-terminal extension ( Fig. 1 ), which resembled a transit peptide. Nevertheless, data base searches failed to predict the N-terminal extension of the G. theta rubredoxin as a transit peptide.
In Vitro Import Assays of G. theta Rubredoxin-Because the N-terminal extension of the nmRub is not predicted to be a transit peptide, we undertook in vitro import assays into isolated plastids. As shown in Fig. 2 , rubredoxin precursors can be imported into chloroplasts from P. sativum. This is demonstrated by the finding that the in vitro translation product, when incubated with chloroplasts, was processed to the mature protein, which was thermolysin-resistant as long as the chloroplasts were intact but was digested if thermolysin and Triton X-100 were added to the reaction mixture. Therefore, the Nterminal extension of the nucleomorph-encoded rubredoxin represents a transit peptide, and nmRub has a plastid destination at least in in vitro experiments.
Detection and Localization of Rubredoxin by Use of an Antiserum-In addition to the import studies presented above, further experiments to localize rubredoxin were done. We used a recombinant and purified cryptomonad rubredoxin protein (8) for the generation of polyclonal antibodies.
In Western blot experiments with these antibodies a single band of approximately 11 kDa could be identified in G. theta protein extract, which corresponded to the size of mature rubredoxin (Fig. 3) . By the use of this antibody, a band of identical molecular mass was also detectable in Synechocystis and Arabidopsis thaliana. Interestingly, in protein extracts from Chilomonas paramecium, a heterotrophic cryptomonad alga with a photosynthetic inactive leucoplast, the polyclonal antiserum did not detect any protein (data not shown).
To localize the protein within the algal cell, electron microscopical immunolocalization experiments were undertaken. Cells were embedded in ultrathinly cut Lowicryl, and the localization of rubredoxin was visualized by means of the immunogold technique. A specific label at the internal membrane system, the thylakoids, was detected in G. theta as well as in Synechocystis (Fig. 4, A and B) .
A similar result was obtained in immunogold experiments with isolated pea thylakoids. As shown in Fig. 4C , both stroma and grana thylakoids were labeled. Counting the labels of both types of thylakoids separately, 80% of the gold particles were associated with the grana thylakoids, and 20% had a stroma thylakoid localization. This observed grana to stroma ratio of nmRub corresponded to the distribution of PS II complexes in the thylakoid membrane system of chloroplasts (19) .
Furthermore, whole cells, isolated plastids, and thylakoids were used to specify the orientation of rubredoxin within the FIG. 1 . Domains of the rubredoxins. Shown are the N-terminal extension (dark gray), which is essential for protein translocation across the plastid envelope, the central, iron binding domain with four highly conserved cysteines (C), and the C-terminal-located hydrophobic domain (light gray), which is responsible for anchoring rubredoxin to membranes in aerobic photosynthetic organisms.
thylakoid system. For these experiments the extracts were incubated with and without thermolysin and Triton X-100, and the presence of rubredoxin was analyzed by Western blotting and immunodetection. Our data suggest that rubredoxin is an integral thylakoid protein whose soluble domain is exposed to the stroma (data not shown).
Localization of Rubredoxin in BBY, OG, and DM Cores-The localization of rubredoxin in thylakoids, as well as the fact that rubredoxin has a similar distribution to that of photosystem II complexes, suggested a co-localization of rubredoxin with PS II. To test if rubredoxin is attached to the photosynthesis machinery or is a part of it, we isolated PS II-enriched complexes from spinach thylakoids. One fraction consisted of the so-called BBYs, which are enriched in photosystem II but nearly free of photosystem I components (20) . Depletion of light-harvesting complex II from the BBYs using detergents led to OG cores (21) and light-harvesting complex II-free DM cores. The latter resembled the purified PSII core complex (14) . These particles still showed O 2 -evolving activity (data not shown). In Western blots the anti-rubredoxin antibody specifically detected a protein with identical molecular mass as nmRub in BBYs and OG and DM cores, indicating that rubredoxin is associated with the photosystem II machinery (Fig. 5) .
Comparative EPR Studies-In previous studies we could show that nmRub is an iron-containing protein (8) . However, neither by UV-visible spectroscopy nor by 1D NMR analysis was it possible to determine the coordination state of the iron cofactor of nmRub. Therefore we determined the state of the iron cofactor in the oxidized recombinant cryptomonad rubredoxin by EPR. As shown in Fig. 6 , the cryptomonad protein had peaks at g ϭ 9.6 and g ϭ 4.3, identical to those of Clostridium pasteurianum rubredoxin. Thus, the four cysteines of nmRub probably coordinate an iron atom tetrahedrally and therefore in the same manner as prokaryotic rubredoxins (e.g. Ref. 22 ).
The presented immunological data (see "Detection and Localization of Rubredoxin by Use of an Antiserum") supposed a co-localization of rubredoxin with PSII. Previous EPR studies on enriched PS II complexes revealed an additional characteristic iron peak at g ϭ 4.3, which has been explained as iron contamination (23) . It is possible, however, that this signal, or part of it, is due to the rubredoxin. The shape of the signal having a g value of 4.3 is predominantly rhombic. This might be because of the association of the rubredoxin to the membranes. Saturation studies (data not shown) of the signals with g values of 4.3 in the nmRub preparation and the enriched PS II preparation show very similar behavior, and for example at 4.6 K the signals start to saturate at around 2 milliwatts. In comparison the signals with a g value of 4.3 of adventitiously bound iron in bovine serum albumin or lysozyme preparations start to saturate at around 0.2 milliwatts and 20 microwatts, respectively. Adventitiously bound iron is expected to be coordinated by less than four ligands, which are probably oxygen or nitrogen, and will behave differently in saturation and temperature studies than iron coordinated by four cysteine ligands. More evidence is required, however, and EPR-monitored redox titration should be able to prove whether this signal with a g value of 4.3 in the enriched PSII preparation is due to rubredoxin.
Redox Potential-To characterize the electrophysiological properties of the cryptomonad rubredoxin, we determined its redox potential under the same conditions as in Eidsness et al. (22) . Purified recombinant rubredoxin (8) was used to measure the redox potential. The midpoint reduction potential of recombinant G. theta rubredoxin was determined as ϩ125 mV. In comparison to all other known rubredoxins, which yield redox potentials of approximately Ϫ50 mV to ϩ50 mV, the cryptomonad rubredoxin revealed the highest redox potential known so far. Interestingly, the redox potential of the cryptomonad rubredoxin is similar to those of the cytochrome b 6 /f complex and plastoquinone. cryptomonads (9) raised the question whether this polypeptide is similar in function to the bacterial ones.
Analysis of the primary structure revealed an N-and Cterminal extensions of the cryptomonad protein in comparison to prokaryotically encoded rubredoxins. The N-terminal extension was shown to be a transit peptide in the homologous system (11) and a heterologous system (this study), and this extension directs the protein to G. theta plastids.
According to our results the C-terminal domain acts as a membrane anchor. This membrane anchor is a characteristic feature of all other known rubredoxin genes in all known photosynthetic organisms, supporting a conserved linkage of rubredoxin to a plastid membrane. Because only a limited set of data exists concerning the existence of rubredoxin in other organisms, we used a polyclonal antibody raised against the recombinant G. theta rubredoxin to determine whether rubredoxin is common in higher plants. As shown in Fig. 3 , a crossreacting band with a molecular mass identical to that of mature rubredoxin was present in cyanobacteria, cryptomonads, and higher plants, whereas it was missing in a non-photosynthetic cryptomonad. Thus, this is the first evidence that rubredoxin is common to photosynthetically active eukaryotes and cyanobacteria.
By the use of an anti-rubredoxin antibody and an immunogold-labeled secondary antibody as well as Western experiments, we demonstrated that rubredoxin is integrated into the thylakoid membranes and exposed to the stroma. In Synechocystis, rubredoxin is located in an operon together with components of PSII. This fact, together with our electron microscopical immunolocalizations, which show that rubredoxin is mainly located in grana thylakoids, suggested that rubredoxin is attached to PSII. To test this we prepared thylakoid membranes from Spinacia oleracea and from these enriched PSII preparations. Whereas the BBYs contain PSII together with the light-harvesting complexes, plastoquinone, and partial cytochrome b 6 /f complexes, the DM core complexes are membrane-free and resemble pure PSII complexes without the light-harvesting complexes, cytochrome b 6 /f complex, or plastoquinone. In these preparations the anti-nmRub antibody detected a protein with the molecular mass of rubredoxin, strongly indicating that the iron protein is connected to PSII.
Interestingly, in PSII-enriched membrane particles an EPR signal characterized by a g value around 4 is always observed. Previously, this EPR signal was thought to result from adventitious iron contamination (23) . However, we detected a narrow EPR signal exactly at the rubredoxin g value of 4.3 in repeatedly washed PSII membrane particles (not shown) as well as in the even more purified PSII core complexes (Fig. 6) . Thus the observed EPR signal with a g value of 4.3 is not an iron artifact but is probably related to rubredoxin, which is closely associated with PSII.
These facts raised a question concerning the function of rubredoxin in PSII. Ycf48, formerly known as Hcf136, is essential for the assembly of the PSII components in the thylakoid membrane (24) . In addition, PsbE is essential in the process of PSII assembly, as shown by Morais et al. (25) for a psbE null mutant from Chlamydomonas reinhardtii. Both proteins are involved in the assembly process but could not be detected in mature PSII complexes. Our immunological data showed that rubredoxin is associated with mature PSII in stroma and grana thylakoids. Thus rubredoxin seems not to be involved, at least in the early steps of PSII assembly.
The characterization of the central iron ligation domain is essential for the understanding of the function of rubredoxins in photosynthetic organisms. An alignment of different rubredoxins suggested the chelation of an iron molecule by four highly conserved cysteines (8) . This iron is responsible for the ability of rubredoxins to take part in redox reactions, as it was shown e.g. for A. vinelandii rubredoxin (2) .
EPR spectroscopy of recombinant nmRub gave the same g values as those observed for other rubredoxins, indicating that nmRub contains high spin Fe 3ϩ in almost tetrahedral coordination. Because rubredoxin acts as an electron carrier, knowledge of its redox potential is important. We showed that its redox potential was ϩ125 mV and therefore the highest redox potential of all rubredoxins known so far. This redox value, which is similar to those of the cytochrome b 6 /f complex and plastoquinone, implies that rubredoxin is able to branch electrons from, or replace components of, PSII.
According to Eidsness et al. (22) and Xiao et al. (26) , all rubredoxins can be divided into two groups with respect to their redox potentials. The reason for this is a crucial amino acid at a conserved position (amino acid residue 44, referring to C. pasteurianum rubredoxin). Site-directed mutagenesis showed that changes from valine to the more polar alanine (and vice versa) correlate with the change of midpoint redox potential (22) . Exclusively, the G. theta rubredoxin sequence has a serine at this position. Further structural characterization of the recombinant G. theta rubredoxin by NMR showed the closeness of the neighborhood of the serine to the four iron-ligating cysteines. 3 Therefore it is likely that the presence of serine (which is even more polar than alanine) in this position is responsible for the high midpoint potential of nmRub. Similar effects have been observed in the case of 2[4Fe-4S] ferredoxins (6) .
Our data confirm that rubredoxin found in organisms with oxygenic photosynthesis is a plastid-located protein integrated into the thylakoid membranes and exposed to the stroma. Immunogold localizations gave hints that rubredoxin is associated with photosystem II, which was confirmed by co-localizations of rubredoxin with purified PSII core complexes. The typical arrangement of the central iron atom and the determined redox potential of ϩ125 mV led to the conclusion that rubredoxin could act as an electron transfer molecule branching electrons from PSII to plastid membrane-located pathways (e.g. xantophyll cycle and fatty acid biosynthesis) or could replace the cytochrome b 6 /f complex or plastoquinone of the photosynthesis machinery under some circumstances.
